In this paper, we study the B → D ( * ) l −ν l semileptonic decays and calculate the branching ratios B(B → D ( * ) l −ν l ) and the ratios R(D ( * ) ) and R −0.070 , which may be more sensitive to the QCD dynamics of the considered semileptonic decays than R(D ( * ) ) and should be tested by experimental measurements.
I. INTRODUCTION
The semileptonic decays B → Dτν τ and B → D * τν τ have been previously measured by both BaBar and Belle Collaborations with 3.8σ and 8.1σ significance [1] [2] [3] . Very recently, the BaBar collaboration with their full data greatly improved their previous analysis and reported their measurements for the relevant branching ratios and the ratios R(D ( * ) ) of the corresponding branching ratios [4] : 
where the isospin symmetry relations R(D 0 ) = R(D + ) = R(D) and R(D * 0 ) = R(D * + ) = R(D * ) have been imposed, and the statistical and systematic uncertainties have been combined in quadrature. These BaBar results are surprisingly larger than the standard model (SM) predictions as given in Ref. [5] :
The combined BaBar results disagree with the SM predictions by 3.4σ [4, 6] . Since the report of BaBar measurements, this R(D ( * ) ) anomaly has been studied intensively by many authors, for example, in Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Some authors treat this 3.4σ deviation as the first evidence for new physics (NP) in semileptonic B meson decays to τ lepton [9] [10] [11] [12] [13] , such as the NP contributions from the charged Higgs bosons in the Two-Higgs-doublet models [10] .
Some other physicists, however, try to interpret the data in the framework of the SM but with their own methods. In Ref. [7] the authors presented their SM predictions R(D) SM = 0.316 ± 0.014 by using the form factors F 0,+ (q 2 ) computed in unquenched lattice QCD by the Fermilab Lattice and MILC collaborations [8] . In Refs. [14, 17] , furthermore, the authors performed the same kinds of calculations by employing the relativistic quark model [14] or by maximally employing the experimental information on the relevant form factors from the data of B → Dlν l with l = (e − , µ − ) [17] , and found that:
R(D) SM = 0.315 [14] , R(D * ) SM = 0.260 [14] , (3) R(D) SM = 0.31 ± 0.02 [17] ,
It is easy to see that there is a clear discrepancy between these SM predictions for R(D ( * ) ) [5, 7-9, 14, 17] and the BaBar's measurements as listed in Eq. (1) .
In Refs. [18, 19] , we studied the semileptonic decays B (s) → (π, K, η, η (′) , G)(ll, lν, νν) in the pQCD factorization approach [20] with the inclusion of the known next-leading-order (NLO) contributions. We found that all known semileptonic decays B/B s → P (ll, lν, νν) ( here P = (π, K, η, η (′) , etc) are light pseudo-scalar mesons) can be understood in the framework of the pQCD factorization approach [18, 19] .
Motivated by the recent BaBar's discrepancy of the measured values of R(D ( * ) ) from the SM predictions, we here will calculate the branching ratios B(B → D ( * ) l −ν l ) and the six R(X)-ratios: the four isospin-unconstrained ratios R(D 0 ),R(D * 0 ),R(D + ) and R(D * + ), as well as the two isospin-constrained ratios R(D) and R(D * ) in the framework of the
FIG. 1. The lowest order Feynman diagrams for the semileptonic decays B → D ( * ) l −ν l in the pQCD approach, the winding curves are gluons.
SM by employing the pQCD approach again. We will compare the pQCD predictions for the branching ratios and the six R(X) ratios with those as given in Refs. [5, [7] [8] [9] 14] , and the measured values of BaBar Collaboration [4] . We also define two new ratios of the branching ratios R D , which will be tested by experimental measurements. Finally, there will be a short summary.
II. KINEMATICS AND THE WAVE FUNCTIONS
In the pQCD approach, the lowest order Feynman diagrams for B → D ( * ) l −ν l decays are displayed in Fig.1 . We discuss kinematics of these decays in the large-recoil (low q 2 ) region where the pQCD factorization approach is applicable to the considered semileptonic decays involving D or D * as the final state meson [21] . In the B meson rest frame, we define the B meson momentum P 1 , the D ( * ) momentum P 2 in the light-cone coordinates as [22] 
The longitudinal polarization vector ǫ L and transverse polarization vector ǫ T of the D * meson are given by
with the factors η ± = η ± η 2 − 1 is defined in terms of the parameter
where the ratio r = m D /m B or m D * /m B , and q = p 1 − p 2 is the lepton-pair momentum. The momenta of the spectator quarks in B and D ( * ) mesons are parameterized as
For the B meson wave function, we make use of the same one as being used for example in Refs. [18, 23, 24] , which can be written as the form of
Here only the contribution of the Lorentz structure φ B (k 1 ) is taken into account, since the contribution of the second Lorentz structureφ B is numerically small and has been neglected. We adopted the B-meson distribution amplitude widely used in the pQCD approach [18] [19] [20] 
where the shape parameter ω B = 0.40 GeV has been fixed [20] from the fit to the B → π form factors derived from lattice QCD and from Light-cone sum rule. In order to analyze the uncertainties of theoretical predictions induced by the inputs, we will set ω B = 0.40 ± 0.04 GeV. The normalization factor N B depends on the values of the shape parameter ω B and the decay constant f B and defined through the normalization relation
For the pseudoscalar D meson and the vector D * meson, their wave function can be chosen as [25] 
For the distribution amplitudes of D ( * ) meson, we adopt the one as defined in Ref. [25] 
From the heavy quark limit, we here assume that f
, and set C D = C D * = 0.5, ω = 0.1 GeV as Ref. [25] .
III. FORM FACTORS AND SEMILEPTONIC DECAYS
For the semileptonic decays B → Dlν l , the quark level transitions are b → clν l decays with the effective Hamiltonian
where G F = 1.16637 × 10 −5 GeV −2 is the Fermi-coupling constant. The B → D form factors induced by vector currents are defined as [18] 
In order to cancel the poles at q 2 = 0, the vector form factor F + (0) should be equal to the scalar F 0 (0). For the sake of the calculation, it is convenient to define the auxiliary form factors f 1 (q 2 ) and
In terms of f 1 (q 2 ) and f 2 (q 2 ), the form factors F 0,+ (q 2 ) for B → D transitions can be written as
Following the same procedure as in Ref. [18] , we calculate and obtain the B → D form factors f 1 (q 2 ) and f 2 (q 2 ) as following,
where C F = 4/3 is a color factor, r c = m c /m B with m c is the mass of c-quark. The hard functions h(x i , b i ), the hard scales t 1,2 and the Sudakov factors S ab (t i ) are given explicitly in the Appendix A. With the form factors F + (q 2 ) and F 0 (q 2 ), the differential decay widths of B → Dlν l decay can be written as [17, 26] 
where Γ 0 = G with the phase space factor λ( 
By employing the pQCD approach, we calculate and find the form factors V (q 2 ) and
where r = m D * /m B , while C F and r c is the same as in Eqs. (19, 20) . And the hard function h(x i , b i ), hard scales t 1,2 and Sudakov factors S ab (t i ) have been given in Eqs. (A1-A4). For B → D * lν l decays, the differential decay widths can be written as [28] 
where
where m = m D * , and λ(q
2 D * is the phase space factor.
IV. NUMERICAL RESULTS AND DISCUSSIONS
In the numerical calculations we use the following input parameters (here masses and decay constants in units of GeV) [18, 29, 30] :
A. Form factors in the pQCD factorization approach
For the considered semileptonic decays, the differential decay rates as defined in Eqs. (21, 30 ) strongly depend on the value and the shape of the relevant form factors F 0,+ (q 2 ), V (q 2 ) and A 0,1,2 (q 2 ). Besides the two well-known traditional methods of evaluating the form factors, the QCD sum rule for the low q 2 region and the Lattice QCD for the high q 2 region of q 2 ≈ q 2 max , one can also calculate the form factors perturbatively in the low q 2 region by employing the pQCD factorization approach [20] [21] [22] . For B to light meson (such as K, π, ρ, η (′) , etc) transitions, the values of the relevant form factors have been evaluated successfully by employing the pQCD factorization approach for example in Refs. [18, 20, 23, 25, 27, 31, 32] . The pQCD predictions for the form factors obtained in these papers agree very well with those obtained from the QCD sum rule.
In Refs. [21, 22, 25] , the authors examined the applicability of the pQCD approach to B → (D, D * ) transitions, and have shown that the pQCD approach with the inclusion of the Sudakov effects is applicable to the semileptonic decays B → D ( * ) lν l in the lower q 2 region (i.e. the D or D * meson recoils fast). Since the pQCD predictions for the considered form factors are reliable only for small values of q 2 , we will calculate explicitly the values of the form factors
with l = (e, µ) by using the expressions as given in Eqs. (19, 20, (24) (25) (26) (27) and the definitions in Eq. (18) .
In Table I , we list the pQCD predictions for all relevant form factors for B → D −0.14 . Secondly we make an extrapolation for the form factors F 0,+ (q 2 ) from the lower q 2 region to the larger q 2 region 
2 by using the pole model parametrization [28, 33] 
The parameters a and b in above equation are determined by the fitting to the values obtained at the sixteen points in the lower q 2 region, as illustrated explicitly in Fig.2 . The values of the parameters a and b have been listed in Table II . For the form factors V (q 2 ) and A 0,1,2 (q 2 ) of B → D * transitions we make the calculations by following the same procedure as for F 0,+ (q 2 ), and show the numerical results in the Table I and II.  In Table II , we list the pQCD predictions for the form factors In Fig. 3 , we show the pQCD predictions for the q 2 -dependence of the form factors in the region 0 ≤ q 2 ≤ 10 GeV 2 , where the solid lines stand for the central values, and the bands show the theoretical errors. From the numerical results as listed in Table I • The form factor F 0 (0) equals to F + (0) by definition, but they have different q 2 -dependence. The error bands of these pQCD predictions of the form factors seem to be a little big, but in a reasonable size actually: about 20% of the central value.
• The form factors F + (q 2 ) and V (q 2 ) have a relatively strong q 2 -dependence, but A 1 (q 2 ) shows a little weak q 2 -dependence when compared with the other form factors.
B. Differential decay widths and branching ratios
In Figs. 4 and 5, we show the q 2 -dependence of the theoretical predictions for the differential decay rates dΓ/dq
l decays calculated by using the pQCD factorization approach (the solid curves ) or the traditional HQET method as given in Appendix B (the short-dashed curves). From these figures one can see that:
l (l = e, µ) decays, the HQET predictions for dΓ/dq 2 decrease more rapidly than the pQCD predictions along with the increase of q 2 . The HQET predictions are larger than the pQCD ones in the lower q 2 region q 2 5 GeV 2 , and then they become smaller than the pQCD ones in the region of q 2 > 5 GeV 2 . At the end point q 2 = q 2 max = (m B − m D + ) 2 , the differential decay rates in both pQCD approach and the HQET become zero.
• For B → D + τ −ν τ decays, the pQCD prediction for dΓ/dq 2 becomes larger than the HQET ones in the larger q 2 region, and then approaches zero simultaneously at the end point q 2 = q 2 max = 11.63 GeV 2 .
• For B → D * + l −ν l (l = e, µ) decays, the HQET prediction for dΓ/dq 2 first become smaller than the pQCD ones in the region of q 2 > 6.5 GeV 2 , and then both predictions become zero at the end point
• For B → D ( * ) τν τ decays, the difference between the pQCD and HQET predictions for dΓ/dq 2 are small in the whole range of q 2 .
• By compare the curves in Figs.4 and 5, one can see that the difference between the pQCD and HQET predictions for dΓ/dq 2 are smaller for the decays of B → D * transitions (Fig.5 ) than those from B → D transitions (Fig.4) . From the differential decay rates as given in Eqs. (21, (28) (29) (30) , it is easy to calculate the branching ratios for the considered decays by the integrations over q 2 :
where B 0 = τ B Γ 0 is an overall factor of branching ratios. After making numerical integrations, we find the pQCD predictions for the branching ratios of the eight B → D ( * ) l −ν l decays as listed in Table III, 
where the four major theoretical errors come from the uncertainties of the input parameters ω B = 0.40 ± 0.04 GeV, f B = 0.21 ± 0.02 GeV, |V cb | = (39.54 ± 0.89) × 10 −3 and m c = 1.35 ± 0.03 GeV.
In Table III , the pQCD predictions for the branching ratios of the eight decay modes are listed in column two where the theoretical errors from different sources have been added in quadrature. For the case of l = (e, µ), we define
In column three, we show the theoretical predictions obtained by using the formulaes from the HQET as given in Appendix B and the input parameters as given in Eq. (33) . The predictions for B(B → D ( * ) τν τ ) also based on the HQET method as given in Ref. [5] are listed in column four. The measured values as reported by BaBar Collaboration [4] or quoted from PDG-2012 [29] are also listed in last two columns as an comparison. One can see from the numerical results as shown in Table III that • For the four B → D ( * ) τν τ decays, the HQET predictions calculated in this work agree very well with those given in Ref. [5] , the very small differences come from the variations of the input parameters being used.
• The pQCD and HQET predictions for the branching ratios in fact agree with each other within one standard deviation, but the central values of the pQCD predictions for the branching ratios of the four B → D ( * ) τν τ decays are a little larger than the HQET ones and show a better agreement with the measured values.
• Of course, the theoretical errors of the pQCD predictions are still large, say ∼ 35%.
It is therefore necessary to define the ratios R(X) among the branching ratios of the individual decays, since the theoretical errors are greatly canceled in these ratios.
C. The ratios of the branching ratios
Since the most hadronic and SM parameter uncertainties are greatly canceled in the ratios of the corresponding branching ratios, we firstly define the six R(X)-ratios in the same way as in Ref. [4] and compare our pQCD predictions with the HQET and other TABLE III. The theoretical predictions for B(B → D ( * ) τ −ν τ ) and B(B → D ( * ) l −ν l ) with l = (e, µ) based on the pQCD approach (the second column) or the HQET method (the third or fourth column). The world averages from PDG 2012 [29] , and the BaBar measured values [4, 34, 35] SM predictions, as well as those reported by the BaBar measurements [4] . For the two isospin-constrained ratios R(D) and R(D * ), for example, we find numerically
+0.005
where the major theoretical errors come from the uncertainties of ω B = 0.40 ± 0.04 GeV and m c = 1.35 ± 0.03 GeV. The theoretical errors from the uncertainties of f B and |V cb | are canceled completely in the ratios of the branching ratios. It is easy to see that the theoretical errors of the pQCD predictions for R(X)-ratios are reduced significantly when compared with those for branching ratios: from about 35% to ∼ 5% only. In Table IV , we list our pQCD predictions for all six R(X)-ratios in column two. As comparisons, we also show the HQET predictions obtained in this work or those as given in Refs. [5] , other SM predictions as presented in Refs. [7, 8, 14, 17] , and the measured values as reported by BaBar Collaboration [4] .
As mentioned in the introduction, the authors of Refs. [7, 8] obtained the ratio R(D) = 0.316 ± 0.014 by using the hadronic form factors F 0,+ (q 2 ) computed in unquenched lattice QCD [8] . In Ref. [17] , the authors maximally employed the available experimental information on the form factors by splitting the phase space m 2 l ≤ q 2 ≤ q 2 max at q 2 = 8 GeV 2 . For B → Dlν l (l = e, µ) decay, where only the vector form factor F + (q 2 ) contributes, they make the integration by using F + (q 2 ) as measured by the BaBar collaboration [36] in the lower and larger q 2 region respectively. As for the ratio F 0 (q 2 )/F + (q 2 ), they made a linear parametrization, F 0 (q 2 )/F + (q 2 ) = 1 − αq 2 with α = 0.020(1) GeV 2 [17] . But one should know that the lattice QCD knowledge about the form factors are limited to high q 2 ≈ q 2 max region where the phase space in rather small. From the numerical results as listed in Table III and IV we find the following points:
• Due to the strong cancelation of the theoretical errors in the ratios of the corresponding branching ratios, the error of the pQCD predictions for all six R(X)-ratios are ∼ 5% only, similar in size with the HQET (in this work or in Ref. [5] ) and other SM predictions [7, 8, 14, 17] .
• In Refs. [7, 8, 14, 17] , the authors calculated the ratios by using the hadronic form factors computed in unquenched lattice QCD [7, 8] , by employing the relativistic quark model [14] , or by maximally using the lattice and experimental information [17] respectively. These theoretical predictions are consistent with each other within their errors. One can see that there still exist a clear discrepancy between these theoretical predictions for R(D ( * ) ) and the BaBar's measurements, although the gap become smaller a little bit than that in Ref. [5] .
• For the two isospin-constrained ratios R(D) and R(D * 
In the ratio R(D) ( R(D * )), the involved decays have the same final state meson D ( D * ), but different leptons: τν τ in the numerator, but lν l in the denominator. The value of the ratio R(D ( * ) ) dominantly depend on the mass difference between large m τ and tiny m l with l = (e, µ).
In the two new ratios R 
We therefore provide a SM interpretation for the BaBar's R(D ( * ) ) anomaly by employing the pQCD factorization approach.
• For the newly defined R 
These two new ratios may be more sensitive to the QCD dynamics of the considered semileptonic decays than the ratios R(D ( * ) ), we therefore suggest the experimental measurements for them in the forthcoming experiments.
Appendix B: Form factors in the HQET
As is well-known, the traditional method for the evaluations of the form factors for B → D and B → D * transitions is the heavy quark effective theory (HQET) [37, 38] . In Refs. [5, 11] , for example, the authors presented the formulae of the form factors relevant with the considered B → D ( * ) lν l decays in the framework of HQET [37] mesons respectively. The scalar density ∆(w) is approximated by a constant value ∆(w) = 0.46 ± 0.02 [5, 11] . From Ref. [5, 11] , we also find 
For theB → D * transition, the four QCD form factors V (q 2 ) and A 0,1,2 (q 2 ) are related to the universal HQET form factor h A 1 (w) via [5, 39] 
where R D * = 2 √ m B m D * /(m B + m D * ), the w dependence of h A 1 (w) and the three ratios R 0,1,2 (w) reads [5, 39] h 
The free parameters ρ 2 , R 1 (1) and R 2 (1) are determined from the well-measuredB → D * ℓν decay distributions [30] (ℓ = e, µ), 
